The complete nucleotide sequence of segment 4 of the rice stripe virus (RSV) genome was determined from overlapping cDNA clones and by direct RNA sequencing. The segment has two long open reading frames (ORFs). One of the ORFs (534 bases) is in the 5' region of the viral sequence, and the other (858 bases) is in the viral complementary sequence of the viral 3' region. Such ambisense genome organizations have been seen previously in RNAs of phleboviruses, uukuviruses and arenaviruses. The ORF in the viral sequence encodes the major non-structural protein, but the product of the ORF in the viral complementary sequence (Mr 32 407) has not yet been identified. The first 18 bases of each of the 5' and 3' ends of segment 4 are complementary in sequence. Among the 3'-terminal 16 bases, 14 were identical between RSV genome segments 3 and 4. These terminal sequences are very similar to those of RNAs of phleboviruses and uukuviruses. These and other characteristics indicate a possible evolutionary relationship between RSV and phleboviruses and/or uukuviruses.
Introduction
Rice stripe virus (RSV) and maize stripe virus (MStpV) are members of the tenuivirus group (Gingery, 1988) . They are transmitted by plant-hoppers and multiply in both plant and insect hosts (Toriyama, 1986a) . However, their genomic organization is not yet fully understood. The RSV genome is composed of at least four RNA species, each of which has a unique sequence. When RNAs are extracted from purified nucleoprotein using SDS and phenol and analysed by agarose gel electrophoresis, not only are ssRNAs observed but also dsRNAs corresponding in length with the ssRNAs (Toriyama & Watanabe, 1989; Ishikawa et al., 1989) . Therefore it has been suggested that RNAs of plus and minus polarity are encapsidated separately in the virus particles (Ishikawa et al., 1989) as proposed for MStpV (Falk & Tsai, 1984) . Even if this is the case, the amounts of particles containing the positive-and negative-sense RNAs seem to be unequal (Ishikawa et al., 1989) . On the other hand, as the RSV particles are associated with an RNAdependent RNA polymerase, Toriyama (1986 b) suggested that RSV is related to viruses with segmented minus strand RNA.
A large amount of non-structural protein (major nonstructural protein), which has previously been referred to as disease-specific protein or s-protein, is found in RSVinfected rice (Kiso & Yamamoto, 1973; Toriyama, 1986a) . The results of in vitro translation experiments suggested that its counterpart in MStpV is virus-encoded (Falk et al., 1987) . Recently we obtained evidence to indicate that this protein is encoded positively (in the viral sense) on segment 4 by a hybridization study with oligonucleotide probes (Hayano et al., 1990) .
In the present study, we determined the complete nucleotide sequence of RSV segment 4. The ambisense nature of this segment and its terminal sequences suggests that RSV is related to phleboviruses and uukuviruses.
Methods
Viral RNA extraction and eDNA cloning. RSV was isolated originally in Kohnosu, Saitama Prefecture, Japan (Ishikawa et al., 1989) . Virus particles were kindly provided by Dr Koichi Ishikawa, and RNA was extracted as described by Toriyama (1982) . R NA was polyadenylated as described by Cashdollar et al. (1982) . eDNA was synthesized as described by Gubler & Hoffman (1983) using an oligo(dT) primer or a synthetic primer homologous to a specific sequence in segment 4 of RSV. After tailing with oligo(dC), the resulting eDNA was cloned into dG-tailed pBR322 (Rowekamp & Firtel, 1980) . Oligonucleotides were synthesized in a DNA synthesizer model 380B (Applied Biosystems).
Screening of eDNA clones. Four species of dsRNA were separated by electrophoresis in a 1% low melting-point agarose gel and extracted with phenol. Each RNA was partially degraded by incubation with an equal volume of 0.6 M-NaOH for 5 rain at 37 °C. After neutralization with HC1, each RNA was end-labelled by T4 polynucleotide kinase (Takara Shuzo). Viral clones specific to each segment were identified by hybridization with each RNA probe.
Sequencing ofcDNA clones, cDNAs were subcloned into a Bluescript plasmid (Stratagene), and were sequenced by the dideoxynucleotide method (Sanger et al., 1977) after the preparation of nested deletions of the plasmids (Henikoff, 1984) . All sequences were determined using DNA in both orientations except for 44 bases at the 5' end of the viral RNA.
Identification of the 3"-terminal nucleotide of the viral RNA. The 3' en.d of total viral RNA was labelled with [5'-32p]pCp as described by England et al. (1980) . The labelled RNA was mixed with 10 ~tg of rRNA and 5 units of RNase T2 in 10 gl of 50 mM-Tris HC1 pH 7-5, and incubated for 15 h at 37°C. The digest was analysed by twodimensional thin-layer chromatography as described by Okada et al. (1977) .
Sequencing the 5' end of viral RNA. The Y-terminal sequence (in the viral sense) was determined by direct RNA sequencing using reverse transcriptase and dideoxynucleotides. Fifty ng of primer (5' AAACTTCTACTGTCC 3') was labelled for 30 min at 37 °C in 10 ~tl of reaction mix containing 50 mM-Tris HCI pH 7-6, 10 mY[-MgCl2, 10 mM-2-mercaptoethanol, 50 ~tCi [~,-32p]ATP and 7 units of T4 polynucleotide kinase (Takara Shuzo). One ixg of virus RNA, dissolved in 5 ~tl of annealing buffer (250 mM-KC1, 10 mM-Tris-HCl pH 8-3), was mixed with 0.5 ~tl (2.5 ng) of the labelled primer and 1 pl (0.5 ~tg) of oligonucleotide complementary to the viral 3' end (5' ACACAAAGT-CAGGGCATATC 3'), heated at 80 °C for 3 min, and allowed to anneal for 45 rain to 37 °C. The addition of the oligonacleotide complementary to the viral 3' end was necessary, because the viral 3' end has a sequence complementary to the viral 5' end, and therefore partially inhibits the DNA elongation from the primer to the viral 5' end. One ~tl of the primer/template solution, 2 ~tl of reverse transcription buffer (24 mM-Tris-HC1 pH 8.3, 16 mM-MgC12, 8 mM-DTT, 0.4 mM-dATP, 0.4 mM-dCTP, 0.4 mM-dGTP, 0.8 mM-dTTP and 4 raM-sodium pyrophosphate), and 5 units of avian myeloblastosis virus reverse transcriptase were mixed and added to 0.5 pl of either 1 mMddATP, 1 mM-ddCTP, 1 mM-ddGTP or 2 mM-ddTTP. After incubation for 45 min at 42 °C, the reactions were stopped by adding 1 bt! of formamide. The samples were boiled and analysed by electrophoresis in a 12% polyacrylamide gel.
At some positions, non-specific bands were observed in the four lanes, probably because of premature termination caused by 'fallingoff' of reverse transcriptase. These non-specific bands were removed by the addition of 15 units of terminal deoxynucleotidyl transferase, 1 ~tl of 10 mM-dCTP and 1 p.1 of buffer (500 mM-potassium phosphate pH 7.2, 10 mM-CoC12, 1 mM-DTT) after elongation by reverse transcriptase, and incubation for 10 rain at 37 °C before the addition of formamide.
Sequence analysis. Analyses of the nucleotide sequences obtained were performed using DNASIS (Hitachi) on a PC-9801 computer (NEC).
Purification and sequencing of the major non-structural protein.
The major non-structural protein was purified as described by Kiso & Yamamoto (1973) . The purified protein was precipitated with 10% TCA. The pellets were dissolved by adding 0.1 M-NaOH, and the solutions were adjusted to pH 8.1 with 0.2 M-acetic acid. They were digested with either TPCK-trypsin (Sigma) or lysine endopeptidase (Wako) at an enzyme : substrate ratio of 1 : 50 (w/w) for 20 h at 37 °C. The digestion was stopped by adding di-isopropyl fluorophosphate to a final concentration of 1 mM. The digests were lyophilized and fractionated by HPLC with a pBondasphere C~s column (Waters Associates) with a linear gradient of 0 to 80% acetonitrile in 0.1% HC1. The peptides were subjected to automated Edman degradation using a protein sequencer (Applied Biosystems). The cDNA clones corresponding to segments 3 and 4 were sequenced. The viral 3' sequences were identified by the presence of the poly(A) tails that had been added during the c D N A cloning process. Fourteen out of 16 bases of the Y end were identical between segments 3 and 4 (Fig. 1) . The possibility of one or more A residues at the end of this common terminal sequence was eliminated, because the 3' ends of the viral RNAs were determined to be U residues (Fig. 2) . cDNAs corresponding to sequences from the 5' region of the segment 4 were synthesized using a primer with a sequence identical to the middle section of segment 4 (5' G T G G T C T G T T C T G C T Y), and the cDNA clone obtained was sequenced. The remaining 44 bases of the extreme 5' end of this segment were determined by sequencing the RNA directly using 5' AAACTTC-T A C T G T C C 3' as a primer.
Segment 4 is 2137 bases long and its sequence is shown in Fig. 3 . Two long open reading frames (ORFs) were found in the sequence; one is in the viral sequence, and the other is in the viral-complementary (vc) sequence 10  20  30  40  50  60  70  80  90  i O0  110 120 370  380  390  400  410  420  430  440  450  460  470 480 GAU~A~AGUAUGUUGAAAGUUGCUcUCCUAUGGGCCUUCA~GAAUAGUCCUGUUUGGCUAUGAACAUAUCAUAcUUGUUCACCUUGA~UCUGAGAAGCUGAAGGGUUCC~UCC~  1810  1820  1830  1840  1850  1860  1870  1880  1890  1900  1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 Fig. 3 . Nucleotide sequence of RSV segment 4 and predicted gene products. The product encoded by the viral RNA is written above the RNA sequence, and the product encoded by vc RNA is written below the RNA sequence. Nucleotides are numbered from the 5' end of the viral RNA. Amino acid sequences identic~ m those of t~ptic peptides of t~ m~or NS pro~in are overlined. (Fig. 4) . The ORF in the 5' region of the viral sequence appears to be that of the major non-structural protein, as all the amino acid sequences of the tryptic fragments of this protein determined so far (Hayano et al., 1990) were identified in it (Fig. 3) , and the predicted Mr of 20513 is similar to tha t previously estimated by SDS-PAGE (Mr 21000; Koganezawa, 1977) . The predicted Mr of the putative protein product of the ORF found in the vc sequences is 32407. Seventeen out of the first 18 residues of the 3'-and 5'- 
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Discussion
The sequence shown in this paper indicates that RSV segment 4 has two long ORFs, one of which is in the vc sequence, and the other in the viral-sense sequence. Such coding strategies have previously been found in the S segments of phleboviruses, uukuviruses and arenaviruses (Ihara et al., 1984; Auperin et al., 1984; Marriott et al., 1989; Simons et al., 1990) , and the term 'ambisense' has been coined to describe this gene arrangement. Although terminal sequences differ considerably even among different genera of the Bunyaviridae, the terminal sequences of RSV show significant homology to those of phleboviruses and uukuviruses (Table 1) . We could not find any terminal sequence homology between RSV and other members of the segmented negative-stranded RNA virus groups such as arenaviruses and orthomyxoviruses. Reclassification of the Phlebovirus and Uukuvirus genera into a single genus has been proposed, because they both have an ambisense coding strategy, identical 5' and 3' sequences, and their N protein and glycoproteins G1 and G2 show significant homology in their amino acid sequences (Simons et al., 1990) .
The 5'-and 3'-terminal sequences of RSV segment 4 are complementary to each other (Fig. 5) . Such complementary sequences have been observed in all the members of the Bunyaviridae so far examined, and are believed to function in the formation of circular viral RNAs (Hewlett et al., 1977) and the circular nucleoproreins (Obijeski et al., 1976; Pettersson & yon Bonsdorff, 1975; Pardigon et al., 1982) . Recently, circular filamentous structures of the RSV nucleoprotein have been reported (Ishikawa et al., 1989) .
When RNA is extracted from purified nucleoprotein of RSV or MStpV with SDS and phenol, both single-and double-stranded forms of RNA are obtained. Although quantitative analyses have not been done, each dsRNA appears to be less abundant than the corresponding ssRNA, because the intensity of ethidium bromide fluorescence of each ssRNA band was much stronger than that of the dsRNA, despite the fact that dsRNA binds ethidium bromide more efficiently than does ssRNA. The ssRNAs found under these conditions do not seem to be a mixture of both strands, because the isolated ssRNAs did not anneal to form dsRNAs (Ishikawa et al., 1989) , and because each ssRNA hybridized to the corresponding dsRNA but not to the ssRNA (Toriyama & Watanabe, 1989) . Therefore it seems that each ssRNA is viral genomic RNA, and that each dsRNA consists of the viral RNA and its complementary copy. Small amounts of vc RNAs have also been found for the S segments of uukuvirus (Simons (Marriott et al., 1989) ; PT, Punta Toro virus (Ihara et al., 1984) ; UUK, Uukuniemi virus (Simons et al., 1990) ; SSH, snowshoe hare virus (Akashi & Bishop, 1983) ; QYB, Qalyub virus (Clerx-van Haaster et al., 1982) ; HFRS, haemorrhagic fever with renal syndrome virus, Lee isolate . 
